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Influence of a Supersonic Jet on the Subsonic
Wake of a Generic Space Launcher
By C.C. Wolf, R. Henke AND R. Hörnschemeyer
Institut für Luft- und Raumfahrtsysteme, RWTH Aachen University,
Wüllnerstr. 7, 52062 Aachen
The near-wake of a generic space launcher is investigated using wind tunnel experi-
ments in subsonic freestream conditions (Ma∞ = 0.2). Three base geometries are con-
sidered, including a simple bluff-body reference configuration, a dummy nozzle exten-
sion, and an overexpanded Ma = 2.5-jet. This approach allows to separate the geomet-
ric blockage effect of the nozzle surface from entrainment effects and acoustic radiation
of the jet. The nominal operation of the jet nozzle is verified using Background oriented
Schlieren technique (BOS), whereas velocity data on both external and recirculation
flow is obtained through two-component Particle Image Velocimetry (2C-PIV). Dynamic
pressure transducers mounted in both base and nozzle surface provide time-resolved
pressure fluctuations and corresponding power spectra. As a main result, it is shown
that the dummy nozzle significantly suppresses turbulence levels and vortex shedding
modes, but has only minor influence on the wake topology. On the other hand, the jet
flow evokes an entrainment of external flow, decreasing both length of the separation
bubble and static base pressure levels. Despite the occurrence of jet noise, no addi-
tional dynamic wake modes can be observed in the surface pressure data.
1. Introduction
The near-wake of modern space launchers is characterized by the interaction of ex-
ternal and jet flow, separated recirculation areas, and shear layers. The overall aerody-
namic performance may seriously be affected by phenomena like base drag, buffeting,
and entrainment effects [1]. Hence, an investigation of rocket near-wakes is interesting
from both scientific and industrial points of view.
The base flow of general bluff bodies was continuously addressed throughout the
past decades, starting with pioneering work in both sub-/transonic [2] and supersonic [3]
regimes. Fewer publications can be found which account for all aforementioned aspects
of rocket wakes. Most of these investigations concentrate on the optimization of indus-
trial designs and feature detailed model geometries, like recent studies on the Ariane 5
launcher. The covered topics are e.g. the influence of single thrust flows [4,5] or strap-on
boosters [6], or the application of flow control devices [6,7]. It was found that for detailed
models, even very small geometric changes (e.g. booster mounting struts) may have a
serious influence on the wake flow.
In contrast, the “Base-Flow” subdivision of the Research Center SFB/TRR 40 chose
to concentrate on a generic approach, which nevertheless reproduces some of the main
aerodynamic similarity parameters. A common set of model geometries is examined us-
ing both numerical and experimental methods in sub-, trans-, super-, and hypersonic
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FIGURE 1. Model geometry and coordinate system (left), different base configurations (right).
freestream conditions [8]. This report presents results of subsonic experiments con-
ducted for a freestream Mach number of Ma∞ = 0.2. In particular, the focus was set on
the influence of different base geometries, which subsequently increase the fidelity of
the experiments and hence the significance of the results.
2. Model geometry and wind-tunnel setup
With respect to the generic approach of the SFB/TRR 40, the geometry of the rocket
model consists of a slender cylindrical main part with an adjoined conical nose section
(see figure 1, left). The comparably large thickness of the NACA sting support (60 mm)
owes to the internal supply of pressurized air to the jet nozzle. The bluff-body reference
case (termed “B.A”) was adopted from former investigations within this Research Center,
e.g. on the sensitivity towards freestream angles [9] or the development of the shear
layers [10].
Within the current work, two additional base configurations are considered, see fig-
ure 1, right. The supersonic jet nozzle of configuration “B.C” was designed by the Ger-
man Aerospace Center (DLR) with reference to the Ariane 5 space launcher, see Saile
et al. [11] for further details. The internal de Laval shape follows the “TIC” (truncated
ideal contour, cf. p.28 in Ref. [12]) approach. Consequently, conditions in the nozzle
exit plane are nearly but not completely homogeneous. The area-averaged exit Mach
number is 2.5, in contrast to the maximum centerline Mach number of 2.65. The external
geometry of the model nozzle (Dnoz/D = 0.4 and Lnoz/D = 1.2) is similar to the Ariane
5/Vulcain 2 configuration. Since it is impossible to satisfy all aerodynamical and gas-
dynamical similarity parameters, it was decided to reproduce both static pressure ratio
pe/p∞ and impulse density ratio ρeue/(ρ∞u∞) with respect to the hypersonic test case
of sub-project B1. The index “e” denotes the conditions in the nozzle exit plane.
Using the same external dimensions as the jet nozzle in B.C, configuration “B.Coj”
features a dummy nozzle as a third test case (“ohne jet” = “without jet”). Hence, B.Coj
can be seen as an intermediate step intended to separate the geometrical blockage
effect of the nozzle surface from the jet influence. The exit surface of the dummy nozzle
is solid to avoid cavity flow.
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FIGURE 2. 2C-PIV setup. FIGURE 3. Dynamic pressure sensors.
The experiments of the current work were conducted in the open test section of a
“Göttingen”-type wind tunnel operated at Ma∞ = 0.2 and T∞ = 310 K. The reference
total conditions of the jet simulation are p0 = 1 ⋅ 106 Pa and T0 ≈ 298 K. Pressurized
air is fed to the nozzle by an air reservoir (9 m3), operated as a non-regulated blow-
down system. The total pressure of the jet was monitored using a pitot tube installed in
the nozzle forechamber. Since p0 continuously decreases during each jet run, a small
deviation from reference conditions was allowed (p0 ± 5%) to create a sufficiently long
measurement interval of ∆t ≈ 8 s.
Assuming isotropic expansion and an ambient pressure of p∞ ≈ 1 ⋅105 Pa, the average
static pressure ratio of the nozzle is pe/p∞ = 0.58, indicating overexpanded conditions.
In comparison, the Ariane 5 reaches Ma∞ = 0.2 about 10 s after lift-off and thus in a
dense atmosphere similar to ground level conditions. In this case, the thrust flow is also
overexpanded, but with a static pressure ratio as low as pe/p∞ = 0.2. This ratio can be
achieved without flow separation due to the high nozzle exit Mach number of the Vulcain
2 engine (Mae ≈ 4.56). In the current experiments, this Mach number is limited by the
maximum total pressure of the air supply. Also, the current work neglects temperature
and chemical effects induced by LOX/LH2 combustion in a real rocket engine.
Two-component Particle Image Velocimetry (2C-PIV) was applied in the x, y-plane
to evaluate the instantaneous u, v velocity distribution, see figure 2. The experimental
setup is described in detail by former annual reports of this sub-project [13,14] and will
be only briefly summarized here. DEHS oil droplets serving as tracer particles are illu-
minated using a double-pulsed, frequency-doubled Nd:YAG laser with a pulse energy of
120 mJ. Particle shifts between two successive laser pulses (∆t = 10 µs) are captured
by a 4 MPix CCD camera and evaluated through commercial PIV software (LaVision
DaVis 8). The corresponding adaptive cross-correlation algorithm uses final interroga-
tion windows sized 32×32 px2 with an overlap of 75%, yielding a vector spacing of about
0.7 mm.
The jet flow in configuration B.C is excluded from PIV evaluation, since this region was
not seeded with tracer particles. The application of PIV in supersonic flows is challeng-
ing, especially regarding distribution and flow-tracing characteristics of the particles, or
optical distortions due to density gradients [15]. Since the focus of the current work is on
the recirculation area, the application of PIV in the jet flow is considered to be expend-
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able. Still, the nominal operation of the nozzle needs to be verified. Background oriented
Schlieren technique (BOS) was applied to study the corresponding shock pattern and
the outline of the jet boundary. BOS evaluates virtual shifts of a background dot pattern
installed perpendicular to the optical axis of the imaging system and behind the jet on
the opposite side of the test section. Within the measurement volume, spatial gradients
of the fluid’s density ρ induce a change of the fluid’s refractive index n. The relation is
given by the Gladstone-Dale equation:
(n − 1)/ρ = const. (2.1)
An integration of n along the line of sight yields a refraction angle ǫ and thus an
apparent shift of the background pattern. A detailed description of this method is given
by Richard and Raffel [16]. For the current report, it is sufficient to state that the shifts
between a reference image (without jet) and a distorted image are evaluated by an
algorithm similar to PIV. The result is the distribution of the qualitative but signed 2-D
density gradient (∂ρ/∂x, ∂ρ/∂y)T . Application of BOS is rather straightforward in the
current case, since the existing PIV camera setup only needs to be complemented by a
suitable background pattern and an intense, but incoherent light source (e.g. a mercury
vapor lamp). The exposure time of 7 ms is comparably long since BOS favors high f -
numbers (in this case, f/# = 16) to increase the depth of focus. Consequently, the
setup is not able to capture instantaneous effects (e.g. shock oscillations), but only the
time-averaged shock pattern.
Flush-mounted dynamic pressure transducers of type “Entran EPI-B0” are installed in
both base and nozzle surface. With a height of only 0.51 mm, this sensor is particularly
suitable for installation in the thin nozzle wall near the exit plane. A sketch of the sensor
allocation in the base of configurations B.A and B.Coj is given in figure 3. For the jet
case B.C, a limited number of pressure transducers (located at θ = 0○,60○ and 120○)
is considered, since the cabling of the instrumentation interferes with the internal air
supply.
In case of B.C and B.Coj, another pressure transducer was installed in the nozzle
surface at a circumferential angle of θ = 0○ and a streamwise position of x/D = 1.03
(18 mm upstream of the nozzle exit plane). All pressure transducers were sampled at a
frequency of at least 32 kHz using an A/D converter with a resolution of 24 bit.
3. Results
3.1. Jet flow and shock pattern
Figure 4 illustrates the density gradient of the jet estimated by BOS for reference con-
ditions p∞ = 1 ⋅ 106 Pa. The streamwise gradient in figure 4(a) predominantly displays
the shock cell pattern. In contrast, the crosswise density gradient in figure 4(b) mainly
shows the outline of the jet boundary, as the Schlieren system also responds to density
variations caused by temperature differences and turbulent fluctuations. For argument’s
sake assuming a two-dimensional isotropic flow through an ideal nozzle, the first shock
starting at the nozzle lip is given by the shock angle σ [17]:
σ =
√
1
2γMa2e
(
p∞
pe
(γ + 1) + (γ − 1)) (3.1)
For the given pe/p∞, Eq. 3.1 yields a shock angle of about 31○, which is illustrated by
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(a) Streamwise gradient, ∂ρ/∂x.
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(b) Crosswise gradient, ∂ρ/∂y.
FIGURE 4. BOS results of the jet flow for reference conditions, pe/p∞ = 0.58, light (dark) colors
mark positive (negative) gradients.
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(a) pe/p∞ = 0.37.
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(b) pe/p∞ = 0.23.
FIGURE 5. Streamwise BOS results ∂ρ/∂x of the jet flow for off-design conditions.
dashed lines in figure 4. A good agreement between theory and BOS result is observed.
The initial shock is reflected at the symmetry axis and touches the jet boundary at x/D =
1.3. This event marks the start of the ‘regular’ Pandtl-Meyer shock cell pattern. It is
characterized by continuous, quasi-isotropic expansions and recompressions (sketched
as solid lines in figure 4), creating a curved shape of the jet boundary.
A second pitot tube was positioned in the supersonic jet shortly downstream of the
exit plane, see “x”-mark in figure 4(a). Accounting for the total pressure loss over the
separated bow shock by applying the Pitot-Rayleigh equation [17], the centerline Mach
number of 2.65 is verified within small error bounds around ∆Ma = 0.03.
Finally, it should be noted that for the static pressure ratio under reference conditions,
pe/p∞ = 0.58, no flow separation along the inner nozzle contour is expected (e.g. see
figure 2.20 in Ref. [12]). For comparison, figures 5(a) and 5(b) show BOS results for
off-reference pressure ratios pe/p∞ = 0.37 and 0.23, respectively. In both cases, flow
separation is clearly visible since the oblique shock does not start at the nozzle lip but
slightly inwards. Furthermore, it can be seen that the oblique shock is not reflected
regularly but with a Mach reflection, since the maximum deflection angle is exceeded.
3.2. Mean flow
Figure 6 depicts the near-wake velocity statistics of configurations B.A, B.Coj, and B.C,
as seen by 500 instantaneous flow fields determined through 2C-PIV. In addition to the
average streamlines, the coloring represents the average planar velocity U (upper half)
and the planar turbulence level TU (lower half) using the following, common definitions:
U/U∞ =
√
u2 + v2 ⋅U−1∞ and TU =
√
0.5 ⋅ (u′2 + v′2) ⋅U−1∞ (3.2)
The nozzle of configuration B.C inhibits transmission of laser light, hence PIV data is
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(a) B.A. (b) B.Coj.
(c) B.C. (d) Legends and shift of vortex centers.
FIGURE 6. Comparison of the near-wake between configurations B.A, B.Coj and B.C.
only available on one side of the nozzle. The data in the lower halves of figure 6 was
generated by mirroring the upper ones, as the flow fields are near-symmetric (β = 0○).
The mixing layer between jet and external flow was masked out before PIV evaluation
(white areas) due slight condensation effects at the border of the cold jet. BOS data of
the jet flow is repeated for reference.
The well-known wake structure of bluff bodies can be seen regarding configuration
B.A, in the x, y-plane represented by a pair of counter-rotating vortices, see figure 6(a).
Highest values of TU are located along the shear layers at about x/D = 0.7 . . . 1.2.
Additional flow features can be identified in the wake of configuration B.Coj, figure 6(b).
The wake of the dummy nozzle evokes a second separation bubble, whose length-to-
diameter ratio is significantly smaller as a consequence of the disturbed inflow. The
system of primary vortices remains nearly unaffected by the displacement effect of
the dummy nozzle. A slight shift of the vortex centers in upstream direction (about
∆x/D = −0.1) can be observed. It is noteworthy that the external flow reattaches to
the nozzle surface shortly upstream of the exit plane, at about x/D = 1.1. This also cor-
responds to the approximate position of the nozzle-mounted dynamic pressure trans-
ducer.
The junction between base and nozzle surface evokes small corner vortices which
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Pos. vortex center Pos. reattachment Avg. turb. level, Base pres.,
Configuration x/D ∣y∣/D x/D ∣y∣/D TU (ref. area) cp
B.A 0.68 0.33 - - 0.141 −0.11
B.Coj 0.58 0.35 1.1 0.20 0.105 -0.13
B.C 0.23 0.31 0.90 0.20 0.095 -0.19
TABLE 1. Comparison of the near-wake for configurations B.A, B.Coj, and B.C.
are hard to detect for the current spatial resolution. Still, a corresponding curvature of
the near-wall streamlines can identified, see red circles in figures 6(b) and 6(c). The
most prominent influence of the dummy nozzle is the suppression of turbulence levels.
Compared to B.A, the spatial average of TU for a representative rectangular area (x/D =
0.05 . . . 1.5, y/D = −0.60 ⋅ ⋅ ⋅ − 0.22) is lowered by ∆TU = −0.036 (also cf. table 1).
In contrast to B.Coj, the presence of the jet flow significantly alters the primary vortex
system. Within the jet mixing region, the surrounding external flow is entrained and thus
accelerated. Consequently, a (positive) streamwise differential velocity is induced, which
primarily affects the shear layer of the recirculation bubble. Compared to the dummy
nozzle case, the positions of primary vortices and reattachment points are relocated by
∆x/D = −0.35 and −0.20, respectively.
Finally, it can be observed that there is a strong correlation between streamwise po-
sition of the primary vortex and base pressure coefficient cp, see last column of table 1.
Only two static tabs located at y/D = ±0.42 and z = 0 (see figure 3) can be evaluated
due to limited base instrumentation of case B.C. Still, it is obvious that the entrainment
of the jet and the proximity of the vortex centers creates a comparably strong suction
effect on the base.
3.3. Base pressure spectra
Spectral information on the near-wake dynamics was evaluated using the time-resolved
pressure signals of the dynamic transducers. The time-dependent pressure coefficient
cp(t) and its root mean square value are defined using the following, common defini-
tions:
cp(t) = cp + c′p(t) = p(t) − p∞0.5 ⋅ ρ∞ ⋅U2∞ and cp,rms =
√
c′p(t)
2 (3.3)
The power spectral density (PSD) of c′p was calculated via Welch’s method [18], ap-
plying Hamming windows of 0.4 s in length with an overlap of 75%. The measurement
interval of B.A and B.Coj is ∆t = 60 s. For B.C, the spectra of multiple jet runs (∆t ≈ 8 s)
were averaged yielding a similar total interval. The Strouhal number StD was calculated
from the frequency f using forebody diameter D and freestream velocity U∞:
StD =
f ⋅D
U∞
(3.4)
The pressure spectrum at a circumferential angle of θ = 0○ is presented in figure 7 for
all three base configurations. Following the argumentation in [4, 5], √PSD(cp′) ⋅ StD is
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FIGURE 7. Pressure spectra for configurations B.A, B.Coj, and B.C (base and nozzle, θ = 0○).
plotted as function of StD. A log/log scaling was chosen over the more common log/lin
representation for visualization reasons.
The base spectra of B.A and B.Coj (black and green graphs in figure 7) are very
similar. A low-frequency, broad peak can be observed at a Strouhal number of about
0.06 . . . 0.08, see label “a)”. A similar phenomenon was reported by Dépres et al. in an
experimental, transonic study on a rocket-like geometry (see figure 13 in Ref. [4]). It is
argued that the peak corresponds to a symmetric pumping mode of the wake and was
also detected in earlier bluff-body measurements by Eldred [19] over a wide range of
sub- and transonic conditions.
In figure 7, label “b)” denotes a narrow-banded peak at StD = 0.21. This peak is
clearly visible for configuration B.A and was connected to the well-known vortex shed-
ding mechanism of bluff bodies (Wolf et al. [14]). In comparison, the dummy nozzle in
configuration B.Coj either suppresses this dynamic mode, or at least dampens it to a
level which cannot be detected by the current base-mounted sensors.
At medium frequencies, the base spectra of B.A and B.Coj show several sharp, tonal
peaks (label “c)” in figure 7). Using comparative measurements outside the test section,
it was verified that these effects originate in the blade passing frequency of the wind tun-
nel rotor (BPF = 166 Hz) and its higher harmonics. Hence, the peaks have no physical
significance for the base flow. The peaks are not observed in the other spectra shown in
figure 7, as they seem to be overlayed by high-energy, broad-banded fluctuations. How-
ever, the application of cross-correlation techniques (not shown) consistently reveals the
blade passing frequency for all measurements conducted in the current work. In general,
the base spectra show a decreasing trend in the mid-frequency range (StD = 0.1 . . . 5).
Beyond StD ≈ 8 (f ≈ 5,200 Hz, label “d)”), the base spectra of B.A and B.Coj show a
nearly linear growth. Comparative measurements (tunnel switched off, not shown) prove
that within this high-frequency range, the PSD levels of the base surface coincidence
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with the sensor noise characteristics. This indicates that “d)” marks the cut-off frequency
for aerodynamic and acoustic excitation. The sensor noise is similar to Gaussian white
noise, which in the given scaling of the axes appears as a linear rise (black dash-dotted
line in figure 7).
Considering the pressure fluctuations in the dummy nozzle surface (red graph in fig-
ure 7), a single broad-banded peak (label “e)”, StD = 0.3 . . . 0.7) can be observed. The
shape of this peak is similar to the low-frequency peak “a)” in the base surface, but
shifted towards higher frequencies and higher fluctuation energies. Comparable peaks
regarding the nozzle surface PSD have been reported in Refs. [4] and [5]. Generally, it is
well-known that fluctuations of both velocity and pressure tend towards higher frequen-
cies when moving downstream from separation to reattachment point, see e.g. [20]. This
phenomenon is connected to the break-up of large-scale structures into small-scale tur-
bulence. In accordance to the base results of B.Coj, the corresponding dummy nozzle
spectrum exhibits no distinct hint of a vortex shedding process at StD = 0.21.
In summary, the absence of vortex shedding in case of the nozzle extension only
partly agrees to literature results. Transonic studies with different nozzle lengths (Deprés
et al. [4]) show that vortex shedding is strongly dampened if the external flow reattaches
to the nozzle surface. Still, remnants of the StD = 0.21-periodicity are noticed in the mid-
section of the long nozzle (L/D = 1.2). Similar observations were made by Scharnowski
and Kähler [21] in another transonic study using a nozzle-like rear sting. A peak at StD =
0.21 is demonstrated regarding fluctuation spectra of the wake flow field as seen by time-
resolved PIV. The shedding may cause dynamic side-loads which can be addressed
using flow control strategies [7]. Regarding the current subsonic study, no evidence can
be found that antisymmetric shedding processes play a major role in the wake dynamics
if a nozzle extension is involved (also see Wolf et al. [22]). However, future subsonic
studies should consider the installation of more transducers in the nozzle surface, i.e.
the mid-section, to gain further insight.
Finally, the blue and brown graphs in figure 7 present the influence of the jet flow (B.C)
on base and nozzle surfaces. Both power spectra can be divided into two major regions:
Between StD = 2 and 10 (1,300 and 6,500 Hz), at least 4 narrow-banded peaks can be
detected, see label “f)”. Within this range, the spectral densities of nozzle and base sur-
face nearly collapse, indicating that the streamwise position of the transducer is of only
minor importance. The peaks are attributed to noise radiation of the jet. A detailed eval-
uation of jet acoustics is beyond the scope of this paper, see e.g. Tam [23] for reference.
For this report, it is sufficient to state that jet noise consists of three major components:
Firstly, Mach wave radiation from turbulent structures creates low-frequency “turbulent
mixing noise”, which mainly propagates in downstream direction. Secondly, the interac-
tion between turbulent structures, shock system, and external subsonic regions evokes
“screech tones” and “shock noise”, which preferably propagate upstream. These modes
evoke rather narrow-banded peaks and their higher harmonics, corresponding to the
phenomena denoted by label “f)”. With respect to the base flow dynamics, the jet also
slightly increases the power density at low frequencies (StD < 1), but the general be-
havior remains unaffected. The broad peaks around StD ≈ 0.1 (base) and StD ≈ 0.5
(nozzle) are still visible, and no other narrow-banded modes are induced by the jet.
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4. Conclusions and Outlook
The near-wake of a generic rocket model was investigated in subsonic freestream
conditions. Three different base geometries were considered, namely bluff body, dummy
nozzle, and overexpanded jet flow. The operation of the jet nozzle was verified using
Background oriented Schlieren technique. In all three cases, the near-wake is char-
acterized by a separation bubble and a corresponding recirculation flow. It was found
that the averaged flow field of the dummy nozzle case is surprisingly similar to the bluff
body case. However, the geometric blockage effect suppresses both turbulence levels
(as seen by PIV) and periodic vortex shedding (as seen by dynamic pressure trans-
ducers). The presence of an overexpanded jet creates an entrainment of external flow
through the mixing layer. This significantly shortens the size of the recirculation bubble
and decreases static base pressure. The surface pressure fluctuations are dominated
by high-frequency jet noise, even though the low-frequency base characteristics remain
rather unaffected. Consequently, turbulence levels of both dummy and jet nozzle cases
as seen by PIV are very similar.
This report only summarizes some of the main conclusions that can be drawn from
the current measurements. A modal analysis of the PIV records, which statistically ver-
ifies an antisymmetric flapping motion of the wake, is presented in Wolf et al. [22]. By
applying cross-correlation techniques and a modal analysis to the dynamic pressure
histories, a connection to the vortex shedding mode StD = 0.21 is established.
For further studies, a more detailed analysis of the jet acoustics is encouraged. Noise
radiation of the thrust flow may seriously harm payload structures and arouses en-
vironmental issues. Jet acoustics have been studied extensively throughout the past
decades. Still, the authors expect that further insight can be gained by additionally con-
sidering both near-wake and external flow, e.g. since the “screeching” mechanism is
defined by the interaction of all three components. Hence, it is planned to complement
the current measurements with a microphone array, which additionally provides spatial
focusing and better filtering characteristics than the surface pressure transducers.
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